ABSTRACT: A significant proportion of microphytobenthos (MPB) production is in the form of intraand extracellular carbohydrates. We measured changes in MPB biomass, associated carbohydrates, and relative exoenzyme activity in an intertidal biofilm over the course of daylight tidal emersion. Two experiments were carried out in North Inlet (South Carolina, USA) during June 2007. MPB biomass accumulated in the upper 5 mm of sediment during daylight emersion, and there was a loss of biomass after tidal flooding of the sediment, with a 50 ± 21% (mean ± SD) decrease in sediment chl a content. Six carbohydrate fractions were measured in the sediment, and there were significant positive correlations between chl a and all carbohydrate fractions, indicating that the MPB was the major source of carbohydrates in the sediment, despite significant local primary production by Spartina alterniflora. Rates of relative glycosidase activity followed the pattern: β-glucosidase > α-glucosidase > (β-xylosidase = β-galactosidase = α-galactosidase). Glucosidase enzymes dominated the hydrolysis of carbohydrates, contributing 70 ± 6% of the measured total relative exoenzyme activity. There were significant positive correlations between the total and hot water-extracted carbohydrates in the sediment with relative α-glucosidase activity. Relative α-galactosidase activity was positively correlated with the saline-extractable and saline-extractable low molecular weight fractions. In addition to β-glucosidase, other exoenzymes play a significant role in the remineralization of exopolymers in MPBdominated intertidal sediments.
INTRODUCTION
The microphytobenthos (MPB) of intertidal sediments is usually dominated by pennate diatoms and Cyanobacteria (Stal 2003 , Underwood & Paterson 2003 . MPB makes a substantial contribution to the autotrophic biomass, primary productivity, and biogeochemistry of estuaries (Underwood & Kromkamp 1999) . Annual productivity on temperate intertidal mudflats is in the range of 10s to 100s g C m -2 yr -1 (Thornton et al. 2002) . This productivity is supported by a MPB biomass in the range of 10s to 100s mg m -2 as chl a (De Jonge & Colijn 1994 , Santos et al. 1997 , Thornton et al. 2002 . While most research has focused on temperate ecosystems in Europe and North America, recent work has shown that the MPB is also a significant primary producer in subtropical ecosystems (Thornton & Visser 2009 ), tropical ecosystems (Werner et al. 2008) , and the Arctic (Glud et al. 2002) .
Carbohydrates play an important role in the ecology of benthic diatoms. Carbon fixed by photosynthesis is stored within the cells in the form of glucan, a polymer of glucose (Bellinger et al. 2005 , Abdullahi et al. 2006 . A significant proportion of the carbon fixed by diatomdominated MPB is exuded into the surrounding environment as carbohydrates (Smith & Underwood 1998 , de Brouwer et al. 2002 , Bellinger et al. 2005 . These carbohydrates are in the form of both low molecular weight (LMW; e.g. simple sugars) and high molecular weight (HMW; e.g. polysaccharides) material. Polysaccharides form extracellular polymeric substances, also known as exopolymers. Both of these interchangeable terms are abbreviated to EPS. The allocation of photosynthetically fixed carbon to the production of extracellular carbohydrates ranges from 1.7 to 73%, of which 0.05 to 20% is in the form of EPS (Underwood & Paterson 2003) . EPS production rates by the MPB in sediments range from 0 to 18.2 µg glucose equivalents (µg chl a)
-1 h -1
, or up to 1000 µg C m -2 h -1 (reviewed by Underwood & Paterson 2003) . Epipelic diatoms produce EPS to affect their movement through the sediment, including vertical migrations in response to light and tidal status (Sêrodio et al. 1997) . EPS create a complex microhabitat at the sediment surface and affect biostabilization (Holland et al. 1974 , Tolhurst et al. 2006 . EPS form a large pool of organic carbon in the ocean; Verdugo et al. (2004) estimated that there is 70 Pg of carbon as EPS, compared 1 to 2 Pg C in the form of living organisms (Falkowski et al. 2000) .
Pulse-chase experiments with 14 C have shown that glucan is the precursor for EPS (Smith & Underwood 1998 , Underwood et al. 2004 ) and colloidal carbohydrates (Underwood et al. 2004 ). Colloidal carbohydrate is often used to describe the soluble (in saline or EDTA solutions) fraction of extracellular carbohydrates that are recovered from sediments and cultures of benthic diatoms (Underwood et al. 1995 , 2004 , Staats et al. 1999 , 2000 . However, this term is misleading, as the soluble extracellular carbohydrate pool is composed of LMW and HMW dissolved carbohydrates, colloidal material (Haynes et al. 2007) , and potentially gel particles (Verdugo et al. 2004 ). The carbohydrates exuded by the MPB are utilized by other organisms in the ecosystem, including bacteria and animals (Underwood & Paterson 2003) . MPB carbon has been traced through grazers, suspension feeders, and carnivores using natural stable isotope abundance (Takai et al. 2004) . Pulse-chase experiments with 13 C showed that inorganic carbon was rapidly assimilated by intertidal MPB via photosynthesis and transferred to nematodes within 1 h (Middelburg et al. 2000) .
Most recent work on the biogeochemistry of MPB carbohydrates has focused on rates and pathways of production in cultures and natural sediments (Smith & Underwood 1998 , Staats et al. 2000 , Underwood et al. 2004 . While it is known that carbon fixed by the MPB is assimilated by other organisms, relatively little is known about the processes that affect the transport and remineralization of carbohydrates produced by the MPB. A substantial proportion of the MPB is regularly resuspended in many coastal systems (De Jonge & Van Beusekom 1992 , Guarini et al. 2004 ) by tidal and winddriven mixing. This observation would imply that extracellular carbohydrates are also resuspended. Discrete sections of MPB biofilm have been observed to be carried with the ebbing tide off intertidal mudflats in North Inlet (the site of this research) in South Carolina (D. Thornton pers. obs.). Hanlon et al. (2006) measured carbohydrate pools in intertidal sediments during emersion periods and subsequent immersion of the sediment. They found that chl a, EPS, and colloidal carbohydrates were rapidly lost from the sediment within 30 min of tidal flooding as a result of in situ degradation and 'wash-away' into the overlying water. Moreover, there was an accumulation of glucan and colloidal carbohydrate during daytime illuminated tidal emersion (Hanlon et al. 2006) .
Pulse-chase experiments using 13 C in natural sediments have shown that sediment bacteria rapidly assimilate carbon fixed by the MPB (Middelburg et al. 2000 , Bellinger et al. 2009 ). Haynes et al. (2007) conducted microcosm experiments in which sediments were enriched with colloidal carbohydrates or EPS and they examined the response of the bacterial community, concluding that taxon-and substrate-specific responses by the bacterial community are important in the degradation of extracellular carbohydrates within the sediment. Extracellular carbohydrates produced by benthic diatoms are accessible to bacteria in comparison with intracellular carbohydrate pools such as glucan. However, extracellular molecules > 600 Da are generally too big to be taken up by bacterial cells (Weiss et al. 1991 , Nagata 2008 . This means that polysaccharides (such as EPS) must be hydrolyzed outside of the bacterial cytoplasmic membrane by exoenzymes before the carbon can be transported into the cell and assimilated. Glycosidases are extremely common enzymes that catalyze the hydrolysis of carbohydrates by breaking glycosidic linkages resulting in the formation of 2 smaller sugars. Bacteria produce extracellular glycosidases to enable them to break down polysaccharides into their constituent monosaccharides. Hanlon et al. (2006) showed that reducing sugars were rapidly produced in emersed intertidal sediments, indicating exoenzyme activity. Van Duyl et al. (1999) found that β-glucosidase activity was coupled to bacterial production in intertidal sediments. Haynes et al. (2007) found significant activity of β-glucosidase in their microcosms, indicating that this exoenzyme was important in the degradation of diatom-derived carbohydrates and the formation of glucose within the sediment. In addition to glucose, EPS produced by benthic diatoms is dominated by neutral sugars such as mannose, galactose, xylose, and rhamnose (Staats et al. 1999 , Underwood et al. 2004 . Therefore, it is likely that glycosidases other than β-glucosidase are important in the dynamics of carbohydrates in intertidal sediments.
The objective of this work was to determine whether the relative activity of enzymes other than β-glucosidase is significant in MPB biofilms and whether commonly measured carbohydrate fractions in the sediment can be related to exoenzyme activity. Exoenzyme relative activities (α-glucosidase, β-glucosidase, α-galactosidase, β-galactosidase, and β-xylosidase) were determined and carbohydrate content measured in intertidal sediments over the course of a daylight emersion period when the MPB is actively photosynthesizing. Four specific hypotheses were tested:
H 1 : The relative activity of each exoenzyme is significantly > 0. If enzymes in addition to β-glucosidase are significant in the hydrolysis of intertidal sediment carbohydrates, then it should be possible to measure the activity of these enzymes. Alternatively, if an exoenzyme is not significant, then there will be no measurable activity. This hypothesis was tested for each of the exoenzymes measured in the sediment.
H 2 : There is a significant change in relative exoenzyme activity over the course of the tidal emersion period. There are significant changes in the mudflat environment over the course of the emersion period. These changes may be physical, such as de-watering (Perkins et al. 2003) and temperature changes (Blanchard et al. 1996) . They may also be biological, such as the accumulation of MPB biomass and carbohydrates at the sediment surface (Van Duyl et al. 1999 , Hanlon et al. 2006 . It is likely that these changes in the sediment habitat affect exoenzyme activity. Hanlon et al. (2006) found significant changes in the rate of reducing sugar production over the course of the emersion period, which suggests changes in the rate of glycosidase activity. This hypothesis was tested for each of the exoenzymes measured.
H 3 : Relative exoenzyme activity positively correlates with the sediment content of EPS. EPS are complex carbohydrates that cannot be utilized by bacteria without hydrolysis into smaller subunits (monosaccharides to trisaccharides, Arnosti 2004 ). There may be a positive correlation between the availability of substrate and relative exoenzyme activity.
H 4 : Relative exoenzyme activity is negatively correlated with the sediment content of LMW carbohydrates. Exoenzymes cost microorganisms both energy and resources to produce. Consequently, their production and activity is tightly regulated (Arnosti 2004) . One mechanism that regulates catabolic enzyme activity is negative feedback or end-product inhibition, which is the inhibition of exoenzyme activity when the products of hydrolysis are available to the microorganism. When LMW carbohydrates are available, the investment of resources into costly enzymes makes little sense. Van Duyl et al. (1999) proposed that endproduct inhibition explained the relatively low observed rates of hydrolysis in the surface of MPBdominated intertidal sediments (0 to 2 mm) compared with at depth (10 to 12 mm).
MATERIALS AND METHODS
Field site and in situ sampling. The field site was located in North Inlet in South Carolina (USA), which is in the North Inlet-Winyah Bay National Estuarine Research Reserve (NERR). The sample site was a tidal creek characterized by unvegetated sediments on the creek bed surrounded by vegetated mudflats dominated by smooth cordgrass Spartina alterniflora. The sediments in the creek were cohesive mud (approximately 5 to 10 mm deep) overlying muddy sand. Expt 1 was conducted on 24 June 2007 (33°21.038' N, 79°11.516' W), and Expt 2 was conducted on 25 June 2007 (33°21.034' N, 79°11.519' W), just upstream of Expt 1. The field sites were located within 5 min walk from the Baruch Marine Field Laboratory, enabling samples to be rapidly transferred to the laboratory. The site on each sampling occasion was a strip of mudflat 0.25 m 2 (0.25 cm × 1 m) running parallel to the creek to ensure that samples were taken at the same height on the shore. Replicate samples were taken with minicores at random from within each site. Expt 2 was a repeat of the first experiment with the objectives of verifying the results of the first experiment and to increase the resolution of sampling within the tidal emersion period. Expt 2 was not considered a continuation of Expt 1, as it was conducted in a different portion of the creek.
Samples were collected at several time points in each experiment during tidal emersion from unvegetated sediments in the creek bed below the Spartina zone. On each sampling occasion, the temperature of the sediment surface was measured using an electronic thermometer. Sediment cores were taken using minicorers constructed from 60 ml syringes. The minicorers were used to collect sediment cores with a surface area of 661 mm 2 and a depth of 5 mm. Three minicores were collected to determine the water content of the sediment on each sampling occasion (see below). Five minicores (numbered 1 to 5) were collected to determine chlorophyll content, carbohydrate content, and exoenzyme activity on each sampling occasion. Samples from the 5 minicores used for chlorophyll, carbohydrate, and exoenzyme activity were split into 2 paired sub-samples from each minicore. One subsample was used to measure the pigment and carbohydrate content of the sediment. The second sub-sample was used to measure enzyme activity. Therefore, enzyme activity was paired to measurements of sediment carbohydrate and pigment content in each repli-cate minicore. Both sub-samples were immediately returned to the laboratory. Sub-samples for carbohydrate and pigment analysis were immediately frozen at -80°C and then transferred to -20°C until they were lyophilized. The remainders of minicores 1 to 3 were immediately used to measure relative exoenzyme activity. The remaining sediment from minicores 4 and 5 was discarded, as it was logistically not possible to measure exoenzyme activity in more than 3 replicates.
Sediment water content. Each minicore was placed in a pre-weighed scintillation vial, and the wet weight of the sediment was determined. The sediment was dried at 85°C and re-weighed. The water content of the sediment was determined from the difference between wet and dry weights.
Laboratory preparation of the sediment. The sediment cores for carbohydrate and pigment analysis were lyophilized for 24 h in the dark to remove water. The dried sediments were crushed and mixed with a mortar and pestle. Macroscopic plant fragments were picked from the sediment samples with forceps. The lyophilized sediments were placed in scintillation vials and stored at -20°C in the dark in bags containing silica gel desiccant.
Pigment analysis. A sub-sample of sediment from each core (~100 mg) was weighed into a 15 ml centrifuge tube. Pigments were extracted with 2 ml icecold methanol saturated with MgCO 3. Extractions were carried out over 24 h, during which time the tubes were kept in the dark at 4°C and shaken occasionally. The tubes were then centrifuged (Eppendorf centrifuge 5804R) at 3000 × g (15 min) and a temperature of 4°C. Chl a concentrations were estimated spectrophotometrically (Shimadzu 1240 UV-mini spectrophotometer) in 1 ml of extract, using a 1 cm path semi-micro cuvette, at wavelengths of 665 and 750 nm before and after acidification with 1 drop of 10% HCl. Chl a concentrations were calculated according to Stal et al. (1984) . Chl a concentrations in the extractions were converted to chlorophyll content in the sediment (µg g -1 dry sediment) and chlorophyll concentration (mg m -2 ). Relative enzyme activity. Hydrolytic exoenzymatic activities in sediments were assessed with 4-methylumbelliferone (MUF)-conjugated substrates (Hoppe 1983) . Substrates used in this study were 4-MUF-α-Dglucopyranoside (for α-glucosidase activity), 4-MUF-β-D-glucopyranoside (for β-glucosidase), 4-MUF-α-Dgalactopyranoside (for α-galactosidase), MUF-β-Dgalactopyranoside (for β-galactosidase), and 4-MUF-β-D-xylopyranoside (for β-xylosidase) (Sigma-Aldrich). Hydrolysis rates were calculated with a MUF standard curve. Results were 'relative exoenzyme activity,' rather than 'exoenzyme activity.' Exoenzyme activity implies that the substrate was added at a sufficiently high concentration to saturate the enzymes present and therefore the measured rates represent maximum potential rates of activity (Nagata 2008 ). We did not conduct experiments to determine whether the substrates were saturating; therefore, our rates represent relative exoenzyme activity with an initial substrate analog concentration of 100 µM.
Exoenzymatic activity was performed in triplicate with a heat-killed control. One subsection per minicore was used for each enzyme assay and placed into preweighed test tubes and weighed to determine the mass of the sediment used in each assay. In situ creek water was serially filtered through GF/F and 0.2 µm filters, and 3 ml aliquots were added to each sample. Samples were then amended with 100 µM final MUF-substrate and vortexed into slurries. Next, 1.4 ml sub-samples were transferred to 2 ml microcentrifuge tubes, and the sediment was pelleted by centrifugation (5000 × g for 1 min). The fluorescence in the supernatant was measured on a Hoefer TKO-100 fluorometer with an excitation of 365 nm and an emission of 460 nm. The remaining samples were incubated in the dark at room temperature (21°C) for the shortest duration for which a signal was obtained to minimize de novo synthesis of exoenzymes, which ranged between 10 and 20 min depending on the enzymes, before a second 1.4 ml aliquot was taken for a final measurement. The heatkilled control sample served as a control for both abiotic hydrolysis and any dissolved enzymes in the 0.2 µm filtered creek water used for incubation. Relative exoenzyme activity was normalized both to time and wet sediment weight.
Carbohydrate analysis. Carbohydrate fractions were extracted from the sediments and assayed according to widely used methods (Underwood et al. 1995 , Smith & Underwood 1998 , Hanlon et al. 2006 . Saline extractions were made from 100 to 150 mg sub-samples of sediment, which were placed in 15 ml polyethylene centrifuge tubes with 5 ml of 25 ‰ (w/v) NaCl solution. The centrifuge tubes were gently shaken on an orbital shaker for 30 min at room temperature. After centrifuging at 4500 × g (20 min, 4°C), 0.8 ml of the supernatant was removed and placed in a Pyrex boiling tube. For accuracy, we used the term 'salineextractable' to describe this pool rather than 'colloidal carbohydrates' commonly used in the literature (see 'Introduction'). Carbohydrate concentrations in the extracts were measured using the phenol-sulfuric acid assay (Dubois et al. 1956 ) and were expressed as glucose equivalents using calibration curves generated with D-glucose as the standard. Phenol (0.4 ml of 5% w/v) was added to each sample followed by 2 ml of concentrated sulfuric acid. The acid was added rapidly using a dispenser bottle. The boiling tubes were agitated by hand and allowed to cool for 20 min. Ab-sorbance was measured at 485 nm in a 1 cm path semimicro cuvette zeroed against an ultra high purity (UHP) water blank.
Saline-extractable EPS (sEPS) were precipitated from the remaining saline extraction by placing 3 ml in 7 ml of cold (-20°C) reagent alcohol in a 15 ml centrifuge tube overnight. The sEPS precipitate was separated from the alcohol by centrifugation at 4500 × g at a temperature of 4°C for 20 min. Alcohol was carefully removed from the tube, which was placed upside down to enable any remaining alcohol to drain out. Finally, the precipitate was dried in an oven for a few minutes at 75°C. The precipitate was resuspended in 1 ml of UHP water, and 0.8 ml was analyzed for carbohydrates using the phenol-sulfuric acid assay (Dubois et al. 1956 ), as described above. The saline-extractable fraction contains both sEPS and LMW carbohydrates. Sediment content of saline-extractable LMW carbohydrates (sLMW) was calculated by subtracting sEPS from the saline-extractable pool.
Total carbohydrates were measured by weighing 2 to 5 mg of sediment into a Pyrex boiling tube and adding 0.8 ml of UHP water. Reagents were added to measure carbohydrate concentrations using the phenol-sulfuric acid assay (Dubois et al. 1956 ). After the reaction had cooled, the mixture was decanted into 15 ml polyethylene centrifuge tubes and centrifuged at 4500 × g (20 min) at 4°C to remove the sediment. Approximately 1 ml was decanted into a semi-micro cuvette, and the absorbance was measured at 485 nm. Total carbohydrate includes both soluble salineextractable carbohydrate and those particulate carbohydrates that are hydrolyzed by the addition of concentrated H 2 SO 4 .
Serial extraction procedures have been developed to extract polysaccharides that are in the form of EPS bound to the surface of MPB cells and as intracellular storage products (Underwood & Paterson 2003) . Hot water (HW) extractions are largely composed of glucan (Bellinger et al. 2005 , Abdullahi et al. 2006 , and hot bicarbonate (HB) extractions are associated with polymers tightly bound to the cell wall (Abdullahi et al. 2006 , Hanlon et al. 2006 ). These carbohydrate fractions were extracted from a separate sub-sample of sediment. Sediment (100 to 120 mg) was weighed into 15 ml polyethylene centrifuge tubes and extracted with 4 ml of 25 ‰ (w/v) NaCl solution for 30 min in a water bath at 25°C to remove saline-extractable carbohydrates from the sediment. After centrifuging at 3000 × g (20 min, 4°C), the supernatant was discarded. The sediment pellet was resuspended in 4 ml of reagent alcohol at room temperature, and after 5 min the mixture was centrifuged at 3000 × g (20 min, 4°C). The supernatant was discarded and the pellet was resuspended in a second 4 ml of reagent alcohol, which was also discarded after centrifuging. Reagent alcohol extractions removed fats and pigments from the sediment. HW extractions were made by resuspending the washed sediment pellet in 4 ml of UHP water that was maintained at 95 ± 2°C for 60 min in a water bath. The extraction was centrifuged at 3000 × g (20 min, 4°C). Two sub-samples of supernatant (1.2 ml) were placed in microcentrifuge tubes and frozen (-20°C) for subsequent carbohydrate analysis. The remainder of the supernatant was discarded, and the HB extraction was made by resuspending the sediment pellet in 4 ml of 0.5 M HaHCO 3 that was maintained at 95 ± 2°C for 60 min. The extraction was centrifuged at 3000 × g (20 min, 4°C). Two sub-samples of the supernatant (1.2 ml) were placed in microcentrifuge tubes and frozen (-20°C) for subsequent carbohydrate analysis. Carbohydrate concentrations were measured in the HB and HW extractions using the phenol-sulfuric acid assay (Dubois et al. 1956 ). We noticed that the HW extractions were colored. To correct for any artifacts introduced by color in the extractions, sample blanks were measured by adding UHP water (rather than phenol) and sulfuric acid to the sample to dilute the sample in the same way as the samples analyzed by the phenol-sulfuric acid assay. The absence of phenol meant that no colored product was produced on the addition of the acid. The absorbance of the sample blanks at 485 nm was subtracted from the absorbance of the analyzed samples to correct for any color in the HW and HB extracts.
Acid polysaccharides (APS) are a significant component of EPS . APS are detected using alcian blue, a cationic dye that complexes with the carboxyl (-COO -) and half-ester sulfate (-OSO 3 -) groups in APS, but not neutral sugars (Ramus 1977 , Passow & Alldredge 1995 . We used the alcian blue method of Thornton & Visser (2009) to determine the content of water-extractable APS (wAPS) in the sediment. Freeze-dried sediment (150 mg) was weighed into 15 ml polyethylene centrifuge tubes. APS was extracted from the sediment using 12 ml of UHP water for 1 h in a water bath at 25°C. The extract was separated from the sediment by centrifuging at 3000 × g (15 min, 4°C). wAPS were stained by placing 5 ml of supernatant into a glass tube to which 1 ml of alcian blue (0.02% [w/v] in 0.06% [v/v] acetic acid) was added. The pH of the mixture was adjusted to pH 2.5 by adding 21 drops of acetic acid. The mixture was shaken, left for 5 min, and shaken again. The precipitated, alcian blue-stained wAPS was collected on 0.2 µm pore size syringe filter containing a surfactant free cellulose acetate (SFCA) membrane (Nalgene). The last 1 ml of filtrate was collected directly into a 1 cm path micro-cuvette, and the absorbance was measured at 610 nm against a UHP water blank using a spectrophotometer. The color of the filtrate was inversely proportional to the amount of wAPS in the sample. The absorbance of 1 ml of supernatant from the extraction was measured at 610 nm as a blank to check that there was no significant turbidity or color in the wAPS extract. The assay was calibrated using gum xanthan in UHP water, and the results were expressed as gum xanthan equivalents. Note that all carbohydrate data were normalized to the weight of lyophilized sediments, whereas relative exoenzyme activity was normalized to the wet weight of the sediment.
NERR monitoring data. Water quality and meteorological data were collected at the Oyster Landing monitoring station operated by North Inlet-Winyah Bay NERR. The monitoring station was located on the end of a pier (33°20.977' N, 79°11.331' W) close to the sampling sites. Data from the Oyster Landing site were downloaded from the Centralized Data Management Office (CDMO) of the Baruch Marine Field Lab, University of South Carolina (http://cdmo.baruch.sc.edu).
Data analysis. Data were analyzed using SigmaPlot 11.0 and SYSTAT 12 (Systat Software). One-tailed t-tests were used to determine whether enzyme activity was significantly > 0 to test H 1 . H 0 was μ = 0, and the alternative hypothesis was μ > 0, where μ is the mean enzyme activity. This hypothesis was tested separately for each experiment and for each enzyme. One-way analysis of variance (ANOVA) was used to determine whether there was a significant difference in enzyme activity over time (H 2 ) during the course of each experiment for each enzyme, and also for total enzyme activity. Total enzyme activity was the sum of the individual enzyme activities. Time was a random factor in this analysis (Underwood 1997) . ANOVA was conducted on data that met the assumptions of normality and equality of variance. Data that did not meet these assumptions were log(x + 1) transformed before analysis, or a non-parametric ANOVA was carried out on ranks (Kruskal-Wallis ANOVA). In analyses with fixed factors, pairwise comparisons were made using post hoc tests. Dunn's pairwise comparison was used for datasets in which there were missing data, and the Holm-Sidak or Tukey method was used to make pairwise comparisons in data where group sizes were equal. Correlation analysis was conducted to test H 3 and H 4 using the Pearson product moment correlation.
RESULTS

Environmental characteristics
Sediment temperature during Expt 1 on 24 June 2007 was 33.7°C at 10:45 h, increasing to 36.5°C by 12:30 h. There was no significant change in water content during this time, with a mean water content of 66 and 68% (by weight) at 10:45 and 12:30 h, respectively. Water temperature measured at the Oyster Landing monitoring station was lower than the emersed sediment at the Expt 1 site, ranging from a daily minimum of 27.4°C at 07:15 h to a maximum of 30.7°C at 20:45 h. Fig. 1 shows changes in the physical environment during Expt 2 on 25 June 2007. The tidal range was >1 m (1.13 to 2.42 m) at the Oyster Landing monitoring station (Fig. 1A) . Water temperature varied from 27.6°C between 09:00 and 10:00 h, to 30.2°C at 21:30 h (Fig. 1A) . There was a greater range in sediment temperature during the emersion period of Expt 2, from 26.4°C to 34.9°C as the sediment flooded. There was no significant change in the water content of the sedi- ment during tidal emersion (Fig. 1B) , with a mean water content of 56 ± 13% (mean ± SD) by weight. Emersion time co-varied with temperature, as both experiments were started in the morning and ended during the middle of the day; therefore, the intense solar radiation received by the sediment warmed it up over the course of the morning.
MPB biomass
Microscopic examination of fresh surface sediments from both Expts 1 and 2 qualitatively showed that the MPB was dominated by epipelic diatoms from the genera Navicula, Nitzschia, and Cylindrotheca. Fig. 2 shows the change in MPB biomass (as chl a) within the surface 5 mm of sediment for both Expts 1 and 2. There was an increase in sediment chl a from 32.5 ± 11.2 µg g -1 to 58.6 ± 25.4 µg g -1 during Expt 1 (mean ± SD) ( Fig. 2A) . These values were equivalent to areal chl a concentrations of 66 ± 34 mg m , respectively. There was a significant difference (1-way ANOVA with time as a random factor: F 4,20 = 4.34, p < 0.05) between sediment chl a content over the whole time course of Expt 2, which started and ended with immersed sediments. Sediment chl a content decreased from 12:15 to 13:30 by 50 ± 21% (mean ± SD, n = 5). These samples were the last samples, taken before the sediment was flooded (12:15 h) and immediately after flooding by the incoming tide (13:30 h). When just the samples taken during tidal emersion were considered, there was a significant positive correlation (r = 0.533, p < 0.05, n = 15) between chl a content of the sediment and time since emersion during Expt 2.
Relative exoenzyme activity
Relative exoenzyme activity was measured for all enzymes tested (Table 1 ), indicating that glucosidase, galactosidase, and xylosidase were hydrolyzing carbohydrates in the sediment. H 1 was tested for each enzyme in both experiments using t-tests (Table 2) , which showed that the mean relative exoenzyme activity for each enzyme was significantly > 0. The general pattern of relative exoenzyme activity was β-glucosidase > α-glucosidase > (β-xylosidase = β-galactosidase = α-galactosidase) in both experiments (Table 1) . When the data from both experiments were pooled (Fig. 3) , β-glucosidase made up 47 ± 7% (mean ± SD, n = 24) of the total relative enzyme activity. α-glucosidase, β-xylosidase, β-galactosidase, α-galactosidase made up 22 ± 7, 12 ± 4, 8 ± 4, and 11 ± 5%, respectively. Total relative enzyme activity was generally higher during Expt 1 ( ; Table 1 ). One-way ANOVA with time as the random factor for Expt 1 showed a significant difference in mean relative exoenzyme activity for β-xylosidase (F 2,6 = 13.267, p < 0.01), but not for any of the other exoenzymes measured. One-way ANOVA with time as the random factor for Expt 2 showed a significant difference in mean relative exoenzyme activity for α-glucosidase (F 4,10 = 7.404, p < 0.01) and β-galactosidase (F 4,10 = 28.312, p < 0.001). Therefore, H 2 was rejected for β-glucosidase and α-galactosidase, as there was no significant difference in enzyme activity over time. The results were mixed for the other enzymes, and therefore it appears that exoenzyme activity may either remain relatively constant or change over time during emersion. Oneway ANOVA with time as the random factor showed a significant difference in total relative exoenzyme activity for both Expt 1 (F 2,6 = 13.267, p < 0.01) and Expt 2 (F 4,10 = 6.703, p < 0.01). Consequently, H 2 was supported for total enzyme activity. Table 3 shows the mean carbohydrate content of different carbohydrate fractions in the sediment with time in both Expts 1 and 2. Sediment carbohydrate content during Expt 2 was generally lower and more variable than during Expt 1. The total carbohydrate pool was much greater than the sum of the saline-extractable, HW, and HB pools (Table 3 ). This indicated that > 50% of the carbohydrate was not extracted from the sediment using the extraction methods described above, suggesting that the majority of the total carbohydrate was made up of insoluble carbohydrate. Fig. 4 shows the mean carbohydrate content of the sediment for the data pooled from both Expts 1 and 2. The HW fraction, which is dominated by intracellular carbohydrate storage products, formed the greatest proportion of the total carbohydrate (18.6 ± 9.2%; mean ± SD in dry sediment), whereas sEPS formed the lowest proportion of the total (1.4 ± 0.8%). Mean wAPS concentrations in Expts 1 and 2 were 641 ± 292 µg g -1 and 648 ± 395 µg g -1 , respectively, as gum xanthan equivalents (n = 5). There was no significant difference in wAPS concentrations with time in either Expt 1 or 2. The relative proportions of the different carbohydrate fractions did not change significantly over the course of the emersion period (Table 3) . There were significant positive correlations between all of the different carbohydrate fractions measured in the sediment (Table 4) . Moreover, there were significant positive correlations between MPB biomass (as chl a) and all carbohydrate fractions measured in the sediment (Table 4, Fig. 5 ). The strongest correlations (r > 0.80) are highlighted in Table 4 . MPB biomass was highly correlated with the HW fraction (r = 0.871) and saline-extractable carbohydrates (r = 0.871). There was a significant positive correlation (r = 0.784, p < 0.001, n = 15) between emersion time and the sLMW content of the sediment during Expt 2, which indicated that LMW carbohydrates were accumulating in the sediment during daylight emersion. The equivalent analysis was not carried out on Expt 1, as there were only 2 time points during the emersion period. When data from Expts 1 and 2 were pooled together, there was a significant positive correlation (r = 0.396, p < 0.05, n = 25) between emersion time and the sLMW content of the sediment. , where n = 3) in dry sediment sLMW = saline-extractable -sEPS (318 ± 126 µg g -1 )
Carbohydrates
Saline-extractable (492 ± 199 µg g -1 )
sEPS (174 ± 112 µg g -1 )
HB (792 ± 364 µg g -1 )
Total (12919 ± 6034 µg g -1 )
HW (2422 ± 1675 µg g -1 ) Fig. 4 . Relative magnitude and relationships between the 5 carbohydrate pools measured using the phenol-sulfuric acid assay. The area of each circle represents the mean sediment content of that carbohydrate pool. Carbohydrate pools measured were total, hot water (HW), hot bicarbonate (HB), saline-extractable, saline-extractable extracellular polymeric substances (sEPS), and saline-extractable low molecular weight carbohydrates (sLMW). Data were pooled from all sampling occasions from both Expts 1 and 2. Numbers in parentheses are the mean ± SD (n = 40) in dry sediment for that carbohydrate pool Table 4 . Pearson product moment correlation coefficients (r) between different pools of carbohydrates in intertidal sediment. Data were pooled from Expts 1 and 2 (n = 40, except n = 38 for wAPS measurements). *p < 0.05, **p < 0.01, ***p < 0.001. Correlations where r > 0.80 are in bold; abbreviations as in Table 3 the relative exoenzyme activities of α-glucosidase and β-glucosidase, as well as between α-glucosidase and β-galactosidase. Total relative exoenzyme activity was strongly correlated (r > 0.80) with both glucosidases. However, this is not surprising as glucosidases made the greatest contribution to the total exoenzyme activity. Table 5 shows that β-glucosidase, β-xylosidase, β-galactosidase, and total enzyme activity were not significantly correlated with any of the carbohydrate fractions measured. However, the 2 α-glycosidases measured did significantly correlate with individual carbohydrate fractions within the sediment. α-glucosidase positively correlated with the total and HW fractions, whereas α-galactosidase positively correlated with sLMW and the saline-extractable fraction.
DISCUSSION
Physical environment
It was expected that the sediment water content would decrease over the course of the emersion period as a result of evaporation and drainage from the sediment. The resulting sediment compaction due to dewatering may result in changes in the concentration of chl a and EPS (Perkins et al. 2003) . Dewatering has the biggest effect on sediment close to the sediment-air interface and therefore may not have been significant over the 5 mm depth sampled in our work. In fact, there was no significant loss of water from the sediments in either Expt 1 or 2. Hanlon et al. (2006) found no significant change in the water content of surface 2 mm of sediment in the Colne estuary (UK) over an emersion period. Van Duyl et al. (1999) found comparable sediment water content to North Inlet in the Ems-Dollard estuary (Netherlands) during emersion, while observing a significant decrease in water content from a mean of 66.4 to 63.2% (w/w) during emersion. Table 5 . Carbohydrates and exoenzymes in intertidal sediment. Pearson product moment correlation coefficients (r) between different pools of carbohydrates and relative exoenzyme activity, and between the relative exoenzyme activity of different exoenzymes. Data were pooled from Expts 1 and 2 (n = 24). NS: not significant (p ≥ 0.05), *p < 0.05, **p < 0.01, ***p < 0.001. Significant correlations are indicated in bold; abbreviations as in Table 3 A The surface of sediments may undergo rapid transitions in temperature between periods of immersion and emersion (Blanchard et al. 1996) . At temperate latitudes, air temperatures may be significantly cooler than the water during winter and significantly warmer during summer. The low heat capacity of sediment minerals compared to water means that sediment increases and decreases in temperature much faster than water. Consequently, the surface layers of intertidal sediments are relatively harsh environments in terms of rate of temperature change. During Expt 2, the temperature of the water at Oyster Landing ranged over 1.1°C (27.8 to 28.9°C) compared to a range of 8.5°C in the surface of the sediment (26.4 to 34.9°C). Temperature affects physiological processes in MPB biofilms (Blanchard et al. 1996) ; Hancke & Glud (2004) found that benthic communities dominated by diatoms became more heterotrophic with increasing temperature. Cylindrotheca closterium is often used as a model benthic diatom in culture experiments; Morris & Kromkamp (2003) showed that the maximum rate of photosynthesis by C. closterium was sensitive to temperature, and showed that temperature affected EPS production by C. closterium. In an estuary such as North Inlet, where summer temperatures may exceed 40°C, it is likely that the rapid changes in temperature during emersion affected both the production of carbohydrate by the MPB and processes affecting carbohydrate loss.
MPB biomass
We measured the MPB biomass in the sediments using chl a as a proxy. Measurements were made using a spectrophotometric method, which shows good agreement with high performance liquid chromatography analysis (Brotas et al. 2007 ). The biomass of MPB in the upper 5 mm of sediment was within the range observed for other estuarine systems (Underwood & Kromkamp 1999 , Thornton et al. 2002 , Thornton & Visser 2009 ). The positive correlation between the chl a content of the sediment and emersion time during Expt 2 indicated that MPB biomass accumulated in surface sediments during emersion. There was a decrease in chl a content of the sediment after immersion during Expt 2. This was probably a result of 'wash-away' of MPB biomass into the overlying water as the sediment was flooded. It is well established that a significant proportion of the phytoplankton in estuarine systems is resuspended MPB (De Jonge & Van Beusekom 1992 , Guarini et al. 2004 , and Hanlon et al. (2006) found a significant loss of chl a from the upper 2 mm of an intertidal sediment within 30 min of flooding. Downward migration into the sediment by the MPB may have also contributed to the loss of chl a from the upper layer of the sediment. However, we sampled to a depth of 5 mm, and it is unlikely that the small diatoms that dominated the MPB migrated to a depth greater than the sediment cores within 30 min of immersion. Using the cryolander technique, de Brouwer & Stal (2001) found that the MPB was concentrated in the upper 0.2 mm sediment layer during tidal emersion.
Sediment carbohydrates
Solvent-extractable carbohydrates (sum of salineextractable, HW, and HB fractions) made up 20 to 40% of the total carbohydrate in the sediment, which is similar to the 50% observed by Hanlon et al. (2006) . Therefore, the majority of the carbohydrates in the sediment were insoluble using these extraction procedures. Much of the carbohydrates in the sediment would have been in the form of insoluble particles. It is likely that fragments of plant material, particularly Spartina alterniflora, contributed to the total carbohydrate pool. While large and obvious plant fragments were removed from the samples prior to analysis, there would have been many microscopic fragments left in the sediment. Carbohydrates tightly bound to sediment grains may not have been removed during solvent extraction. Finally, the total carbohydrate contained the insoluble fraction of the carbohydrate associated with MPB and other organisms in the sediment.
It is probable that the MPB was the major source of the insoluble carbohydrate fraction, as there was a significant correlation (r = 0.756, p < 0.001, n = 40) between sediment chl a and the insoluble carbohydrates. Moreover, there was a significant linear relationship between chl a and total carbohydrate (Fig. 5A) . Thornton & Visser (2009) found a significant correlation between chl a and total carbohydrate in the surface 5 mm of sediments from a subtropical salt marsh in Galveston Bay (Texas, USA). Hanlon et al. (2006) found a significant increase in total carbohydrate during emersion in the Colne estuary. However, other researchers have ignored the total carbohydrate fraction or found a non-significant relationship between total carbohydrate and chl a (Van Duyl et al. 1999 , Thornton et al. 2002 , Bellinger et al. 2005 .
Saline-extractable carbohydrates represented 4.3 ± 2.3% of the total carbohydrate, which is lower than observed by Bellinger et al. (2005) , who found that the mean saline-extractable proportion varied between 11 and 29%. The significant correlation between chl a and saline-extractable carbohydrate indicates that the MPB were the major source of the saline-extractable fraction. Many other researchers have found a signifi-cant positive correlation between chl a and salineextractable carbohydrate (Underwood & Paterson 2003 , Bellinger et al. 2005 , which was described by a simple model by Smith & Underwood (1998) . The saline-extractable fraction is composed of sEPS and LMW carbohydrates. De Brouwer & Stal (2001) found that the majority of the saline-extractable carbohydrates produced during daylight emersion were <10 kDa in size, as determined by ultrafiltration. Alcohol precipitation generally precipitates polymers (i.e. sEPS) >100 kDa (de Brouwer & Stal 2001) . Therefore, defining the remaining carbohydrates as LMW (Bellinger et al. 2005 ) is relative and is not in keeping with the <1 kDa definition generally used by organic geochemists to define LMW dissolved organic carbon (DOC; Bianchi 2007) . This indicates that much of the 'LMW' fraction of the saline-extractable fraction is not available to bacteria without hydrolysis into smaller subunits. This conclusion was supported by the positive correlation between the sLMW content of the sediment and relative α-galactosidase activity in the sediment.
sEPS content of the sediment was < 2% of the total carbohydrate; therefore, sEPS was a relatively small fraction of the total carbohydrate pool. sEPS formed, on average, 43 ± 24% (± SD) of the saline-extractable fraction, which is consistent with Underwood et al. (1995) and Bellinger et al. (2005) . Experiments with epipelic diatoms in culture have shown that EPS production is dependent both on environmental conditions (Underwood et al. 2004 ) and species (Goto et al. 1999 ). Although there were rapid changes in mudflat conditions during the emersion periods of Expts 1 and 2 (e.g. temperature), these did not affect changes in sEPS content. The simplest explanation for the linear relationship between the chl a and sEPS content of the sediment (Fig. 5B) is that the MPB produced the sEPS.
The HW extract was a major pool of carbohydrate in the sediment, accounting for 18.6 ± 9.2% of the total carbohydrate (mean ± SD). This extraction is composed of intracellular storage carbohydrates derived from diatoms in the form of 1→3-β-D-glucan (chrysolaminaran) (Chiovitti et al. 2004 , Bellinger et al. 2005 ), a conclusion supported by linkage analysis and the enrichment of HW extractions with glucose residues (Abdullahi et al. 2006) . The high content of HW carbohydrates in the sediments of North Inlet suggests that glucose was a major component of the carbohydrate pool and that the intracellular storage products of diatoms comprise a significant proportion of the total carbohydrate. While only glucan has been identified as an intracellular storage carbohydrate in diatoms, monosaccharides other than glucose have been identified in HW extractions (Abdullahi et al. 2006 , Hanlon et al. 2006 . This indicates that HW extracts contain some extracellular carbohydrates, such as exopolymers associated with the cell walls of diatoms (Abdullahi et al. 2006) . The significant positive correlation between the sediment content of chl a and HW carbohydrates supports the hypothesis that the MPB were the major source of HW carbohydrates. Photosynthesis was not measured during this study, although it is well established that the MPB of North Inlet is photosynthetically active during daylight tidal emersion (Pinckney & Zingmark 1993) . Despite photosynthetic activity of the MPB during emersion, there was no accumulation of HW carbohydrates in the sediment, which would be expected if the MPB were storing a significant proportion of the carbon fixed. HB carbohydrates were 6.9 ± 4.0% of the total carbohydrate and did not change significantly during Expts 1 and 2. The significant correlation between sediment chl a content and HB supports previous work that concluded that the HB fraction is composed of carbohydrates bound to the cell walls of diatoms (Bellinger et al. 2005 , Abdullahi et al. 2006 .
Measurement of significant wAPS content in the sediment indicates that the exopolymers contained acidic groups such as carboxyl (-COO -) and half-ester sulfates (-OSO 3 -) that stain with alcian blue (Passow & Alldredge 1995 , Thornton et al. 2007 , Thornton & Visser 2009 ). There was a significant correlation between the chl a and the wAPS content of the sediment, which was also observed by Thornton & Visser (2009) , compared to 0 to 793 µg g -1 at East Beach in Galveston Bay (Thornton & Visser 2009) . EPS produced by benthic diatoms is dominated by neutral sugars (Stal 2003 , Underwood & Paterson 2003 , which do not bind with alcian blue. However, uronic acids (which contain carboxyl groups) are also produced by epipelic diatoms; Staats et al. (1999) found that the EPS bound to Cylindrotheca closterium was composed of both uronic acids and sulfated carbohydrates. Hanlon et al. (2006) measured uronic acids in the sediment during emersion and found that the HB fraction had a high uronic acid content, which agrees with Staats et al. (1999) , as the HB fraction is regarded as relatively refractory cell-associated carbohydrate. Hanlon et al. (2006) also found uronic acids in the saline-extractable fraction ('colloidal carbohydrate' in their terminology). Uronic acids result in cross-linking between polymers, particularly in the presence of divalent cations (e.g. Ca   2+ ), which form bonds between the -COO -groups. Cross-linking between polymer chains affects the structural properties of the polymers (Decho 1990 , 2000 , Van Boekel et al. 1992 .
We expected that fractions of carbohydrate that are closely tied to photosynthesis, such as sEPS, sLMW, and HW, would increase during the daylight emersion period, as seen by Hanlon et al. (2006) . Correlations between emersion time and the carbohydrate content of the sediment were not tested for Expt 1, as samples were only taken at 2 time points during the emersion period because the sediment was flooding at the third sampling point (Fig. 2A) . However, sLMW did increase with emersion time in the surface sediment during Expt 2 and when the data were pooled for both Expts 1 and 2. The accumulation of sLMW may have been due to increased production, the observed accumulation of MPB biomass, or both. The correlation between emersion time and sLMW normalized to the chl a content of the sediment was not significant, indicating that increased sLMW in the sediment during tidal emersion was probably due to an increase in MPB biomass. Changes in the carbohydrate consumption rates will also determine whether carbohydrates accumulate in the sediment. Hancke & Glud (2004) found that community respiration rates increased relative to photosynthesis with temperature in diatom dominated biofilms. Elevated glycosidase activity supports this hypothesis, as higher rates of exoenzyme activity indicate the production of more substrate to support respiration. We found that glycosidase activity and total enzyme activity increased with the increasing temperature during daylight emersion.
In addition to significant correlations between chl a and all carbohydrate fractions measured (Table 4) , there were significant correlations between all carbohydrate fractions measured (Table 4 ). This suggests that there is coupling between the different carbohydrate fractions and supports the hypothesis that the carbohydrates produced at this site were dominated by MPB production, despite the dense stands of Spartina alterniflora that surrounded the sites. The wash-away of the MPB biomass in Expt 2 was not coupled to washaway of carbohydrate fractions in the sediment, which did not decrease in concentration after tidal immersion. Hanlon et al. (2006) found a significant decrease in saline-extractable and HW carbohydrates during tidal immersion, particularly during the first 30 min after tidal flooding. The insignificant decrease in carbohydrates observed in our experiments after tidal immersion may have resulted from the greater sediment depth sampled in our work, the patchiness of the habitat, not sampling later in the immersion period, or a combination of these factors.
Relative exoenzyme activity
Previous work on the activity of glycosidase enzymes in intertidal sediments has aimed to add saturating concentrations of the MUF-substrate. According to Michaelis-Menten enzyme kinetics, at saturating substrate concentrations the exoenzyme activity represents the maximum rate of enzyme activity (V max ). Measurements of enzyme activity at saturating substrate concentrations have been used as a measure of enzyme abundance in marine habitats (Nagata 2008) . We used substrate concentrations of 100 µM, which although saturating in relatively cold and unproductive sites, such as deep sea sediments (Poremba & Hoppe 1995) , are unlikely to have been saturating in the sediments of North Inlet. Consequently, our rates do not represent 'enzyme activity' (V max ); they represent 'relative enzyme activity' with a substrate concentration of 100 µM. This means that the relative rates of the different enzymes can be compared within our study, but it is difficult to make direct comparisons to previous work in which β-glucosidase activities have been measured in intertidal sediments dominated by diatom biofilms (Van Duyl et al. 1999 , Haynes et al. 2007 ). Haynes et al. (2007) used 1 mM and Van Duyl et al. (1999) used 1 to 2 mM final concentrations of 4-MUF-β-D-glucopyranoside to measure β-glucosidase activity. These substrate concentrations were assumed to be saturating in both studies and are an order of magnitude greater than the concentration we used. Boschker & Cappenberg (1998) used saturating concentrations of 3.3 mM to measure enzyme activity in the sediments of Lake Gooimeer in the Netherlands. Meyer-Reil (1986) found that 5 mM substrate concentrations were insufficient to saturate enzyme activity in marine sediments from the Kiel Bight (Germany). King (1986) used a different approach, adding substrate analogs at concentrations of <1 µM to intertidal sediments and following the production of MUF over short incubation periods (< 5 min). King's (1986) substrate addition was 2 orders of magnitude lower than ours.
While the enzyme substrate concentrations (100 µM) used were unlikely to be saturating in the intertidal sediments of North Inlet, the measured rates of β-glucosidase activity were generally an order of magnitude higher than rates measured with 1 mM substrate concentrations by Van Duyl et al. (1999) and Haynes et al. (2007) . Haynes et al. (2007) measured β-glucosidase activity in a microcosm experiment using sediments from the Colne estuary (UK), and Van Duyl et al. (1999) measured β-glucosidase activity in sediments from the Ems-Dollard estuary. Environmental differences were probably a factor contributing to higher rates in North Inlet compared to northern Europe. Ecosystem temperature was maintained at 12°C in the microcosms of Haynes et al. (2007) , while the emersed sediments of North Inlet were ~20°C warmer. Temperature coefficients (Q 10 ) from other sediment studies range from 2.3 to 3.5 times higher activity for every 10°C (Therkildsen & Lomstein 1994) . The Q 10 in part could account for the order of magnitude higher level of enzymatic activity we observed. Differences in the methods for the enzyme assays will also affect the results. For example, high concentrations of substrate are known to cause substrate inhibition of β-glucosidase (Yagüe & Estévez 1988 , Woodward & Clarke 1991 . The saturating substrate concentration may be determined by measuring exoenzyme rates at a range of substrate concentrations and fitting a Michaelis-Menten equation to the data.
There was significant hydrolysis of all the enzyme substrate analogs added to the sediment, indicating that polysaccharide hydrolysis was affected by β-glucosidase, α-glucosidase, β-galactosidase, α-galactosidase, and β-xylosidase. It should be noted that each of these exoenzymes represents a broad type; for example, the sediments of North Inlet probably contained many β-glucosidases, differing in physical, functional, and genetic characteristics (Nagata 2008) . The relative activity of the exoenzymes followed this sequence in the sediment: β-glucosidase > α-glucosidase > (β-xylosidase = β-galactosidase = α-galactosidase). Exoenzyme activity is indicative of the availability of substrates and consequently the composition of polymeric organic matter in the sediment (Boschker & Cappenberg 1998) . Therefore, the sediments of North Inlet contained polysaccharides that contained glucose, xylose, and galactose. Furthermore, the glucose and galactose were both β and α-linked to surrounding monomers in the polymers.
To our knowledge, these data represent the first measurement of glycosides, other than β-glucosidase, in intertidal sediments dominated by MPB. King (1986) measured the relative activity of several β-glycosidases (glucosidase, galactosidase, mannosidase, xylosidase, glucouronidase, arabinosidase, fucosidase) and found measurable rates of activity for all exoenzymes. However, he did not relate exoenzyme activity to either sediment carbohydrates or the biomass of the MPB. King (1986) measured exoenzyme activity in the surface 0 to 2 cm of the sediment, which is deeper than the layer inhabited by the MPB. King (1986) did not measure the activity of either α-glucosidase or α-galactosidase, which made a significant contribution to the total relative exoenzyme activity in our study.
It is not surprising that relative rates of β-glucosidase were high, as this enzyme is involved in the hydrolysis of cellulose (Boetius & Lochte 1994) and the glucan storage product found in diatoms, which is a polymer of β-1→3-linked glucose monomers (Chiovitti et al. 2004 , Bellinger et al. 2005 . α-glucosidase is involved in the breakdown of starch, a plant storage product (Robyt 1998 , Sinnott 2007 . We observed a significant positive correlation between relative α-glucosidase activity and the HW carbohydrate content of the sediment, which may indicate that this fraction contains α-linked glucose in addition to glucan. The bare sediments of Expts 1 and 2 were surrounded by beds of Spartina alterniflora, which were a potential source of these carbohydrates in addition to the MPB. Glucose is the major constituent of the vast majority of carbohydrates on Earth (Robyt 1998) . Glucose probably dominated the carbohydrates of North Inlet, as there was a positive correlation between total carbohydrate and the relative rates of α-glucosidase. Hofmann et al. (2009) found that the proportion of glucose in sediment carbohydrates decreased over time during slurry experiments, which they interpreted as a preference by intertidal sediment bacteria for glucose over other monosaccharides. Our data support this observation, as glucosidases made up 70% of the total relative exoenzyme activity, indicating either an abundance of glucose in the sediment carbohydrates, a preference for glucose over other monosaccharides, or a combination of both.
Xylose and galactose are components of hemicelluloses, which consist of β-1→4 linked heteropolysaccharides and are a major component of plant cell walls (Robyt 1998 , Sinnott 2007 . Xylose is also a component of diatom cell walls (Staats et al. 1999) . Therefore, β-xylosidase and β-galactosidase activity may have affected the hydrolysis of cell wall components from both MPB and plant fragments in the sediment. Previous work has shown that EPS produced by benthic diatoms is dominated by neutral sugars such as glucose, mannose, galactose, glucose, xylose, and rhamnose (Stal 2003 , Underwood & Paterson 2003 . Therefore, it is likely that all glycosidic enzymes investigated affected the hydrolysis of saline-extractable carbohydrates and EPS produced by the MPB biofilm.
CONCLUSIONS
All carbohydrate fractions were positively correlated with MPB biomass and one another, which indicates that the MPB was the major source of carbohydrates in the sediment. During Expt 2, MPB biomass accumulated in the surface 5 mm over the course of the emersion period, and there was a substantial reduction in MPB biomass after tidal flooding of the sediment (50 ± 21%; mean ± SD, n = 5). These results confirm those of Hanlon et al. (2006) , who showed that MPB biomass accumulates at the sediment surface during tidal emersion and that a significant proportion of this biomass is washed away by the incoming tide on immersion.
While no specific relationships between β-glycosidases and any of the carbohydrate fractions were identified, the relative activity of α-glucosidase positively correlated with the total and HW fractions, and the relative activity of α-galactosidase positively correlated with the saline-extractable and sLMW fractions. These relationships indicate that these enzymes play a role in the hydrolysis of these specific fractions.
H 1 was supported, as the mean relative exoenzyme activity of each enzyme measured was significantly > 0, indicating that β-glucosidase, α-glucosidase, β-galactosidase, α-galactosidase, and β-xylosidase all play a significant role in the hydrolysis of oligo-and polysaccharides within the MPB-dominated intertidal sediments of North Inlet. Glucosidase enzymes dominated the hydrolysis of carbohydrates within the sediment, contributing 70 ± 6% (mean ± SD) of the total enzyme activity. It is highly likely that exoenzymes that were not included in this study were also significant in the hydrolysis of carbohydrates within the sediment. For example, the ubiquitous presence of APS within the sediment suggests that glucouronidase may have played a significant role in the degradation of sediment carbohydrates. The balance of production and hydrolysis of sediment APS will play an important role in determining the high concentrations of dissolved APS in the water column of North Inlet, which are hypothesized to be introduced to the water column via wash-away (Thornton 2009) . H 2 was supported for total relative exoenzyme activity, which changed over the course of the emersion period, with the lowest rates of total relative exoenzyme activity occurring immediately after tidal emersion. H 3 was rejected, as none of the exoenzymes measured significantly correlated with the sEPS content of the sediment. This may be because sEPS was a relatively small proportion of the total carbohydrate within the sediment (Fig. 4) and therefore other complex pools of carbohydrate were more important in affecting enzyme activity in addition to physical factors such as temperature. H 4 was rejected as there was no evidence that increasing availability of sLMW in the sediment had the effect of inhibiting glycosidase activity; none of the glycosidases measured showed a significant negative correlation between relative activity and the sLMW content of the sediment. 
